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Dimensional Stability of Materials for Metrological and Structural Applications 
ir W. de Bruin (1). Twente University of Technology, Enschede/the Netherlands 
F i r s t  sone types o f  dimensional i n s t a b i l i t y  a re  de f i ned  and from t h a t  some sources o f  such ma te r ia l  
behaviour a re  being d is t ingu ished.The mechanisms behind the  several  sources a re  explained, mainly 
i n  view o f  the met ro log ica l  and s t r u c t u r a l  app l i ca t i ons  l a te ron  t o  be mentioned. 
F i n a l l y  these app l i ca t i ons  a re  bein? discussed tak ing  i n t o  account one and two dimensional references 
o f  leng th  and form, as we l l  as s t r u c t u r a l  app l i ca t i ons .  
0. INTRODUCTION 
A f t e r  t he  presenta t ion  o f  a shor t  c o n t r i b u t i o n  on the  ana ly -  
s i s  o f  f o r m s t a b i l i t y  o f  a o r a n i t e  sur facep la te  a t  t he  CIRP-Paris' 
meeting i n  1980 I have been i n v i t e d  t o  present a keynote paper 
f o r  S c i e n t i f i c  Technical Committee " 0 '  about dimensional s t a b i l i -  
t y  i n  a wider framework. 
Not bein7 a s p e c i a l i s t  i n  t h i s  f i e l d  o f  ma te r ia l  aspects i t  took 
me much t ime and t roub le  t o  c o l l e c t  and f i n d  those data which 
may be o f  he lp  t o  i n d i c a t e  t rends  and omissions f o r  metroloTica1 
8pp l ica t ions . l lany  col leagues o f  CIRP have mentioned me a l o t  o f  
use fu l  and i n t e r e s t i n g  data o r  i n f o r n a t i o n  sources. 
1. DIllENSIONAL INSTABILITY 
C.i.'.Ilarschall and R.E.Haringer d i s t i n g u i s h  i n  t h e i r  book " D i -  
mensional i n s t a b i l i t y "  [ l l be tween several  t es o f  dimensional 
i n s t a b i l i t y ,  being a d i s t o r t i o n  o r  dimensi*change o f  a com- 
ponent: 
1.1 occur r in?  as a f unc t i on  o f  t ime i n  a f i x e d  environment, o r  
1.2 measured under a f i x e d  environment, a f t e r  exposure t o  a x- 
1.3 measured under a f i x 3  environment and depending upon the  
Each o f  these types may be seen as a dev ia t i on  from p e r f e c t l y  
Hookean behaviour o f  the  ma te r ia l .  
I n  p r a c t i c e  a l l  ma te r ia l s  a re  uns tab le  t o  some degree: 
. wood warns.swells,cracks i n  response t o  i t s  environment, 
. c o t t o n  c l o t h s  sh r ink  a f t e r  washino, . cas t ings  warp, . r o l l e d  and drawn metal  products t w i s t  and bend, 
. epoxy res ins  sh r ink  and crack,  
. enamels show crazes, e t c .  
flodern research has in t roduced more s tab le  ma te r ia l s  o r  has l e d  
t o  b e t t e r  p roduc t ion  processes o f  t he  same mate r ia l s  so t h a t  t he  
remaining i n s t a b i l i t i e s  a re  no t  too  g rea t  t o  impa i r  t he  func t i on  
o f  t he  products made o f  t h a t  ma te r ia l s .  
Because dimensional to le rances  o f  products become smal le r  due t o  
the  demand o f  accuracy and r e l i a b i l i t y  dimensional i n s t a b i l i t y  
becomes m r e  and more a mat te r  o f  concern.The t rend  o f  m i n i a t u r i -  
z a t i o n  pushes the  need o f  dimensional s t a b i l i t y  too.Residua1 
s t resses  i n  the  sur face  l a y e r  a re  one o f  t he  main causes o f  i n -  
s t a b i l i t y  and because the  r a t i o  o f  t he  amount o f  ma te r ia l  i n  the  
sur face  l a y e r  t o  the  volume o f  t he  p a r t  becomes unfavourably i n  
the  case of  small pa r t s  the  e f fec ts  of res idua l  stresses a re  
magnif ied.  
2. SOURCES OF DIfIEHSIOHAL INSTABILITY 
mensional i n s t a b i l i t y :  
- ex te rna l  s t ress  e f f e c t s  app l i ed  t o  a component may.give r i s e  
t o  an a n e l a s t i c i t y .  mechanical hys te res i s  and/or m ic ro -p las t i c  
s t r a i n ;  
- a l t e r a t i o n s  o f  i n t e r n a l  s t resses  may cause dimensional i ns ta -  
b i l  i t y ;  
- m ic ro -s t ruc tu ra l  changes, eg. due t o  chanqes i n  vacancy concen- 
t r a t i o n ,  atom re-arrangement and order ing .  p r e c i p i t a t i o n  and 
r e s o l u t i o n  o f  second phase may a l so  g i v e  r i s e  t o  dimensional 
i n s t a b i l i t y .  
R e l a t i v e l y  small temperature f l u c t u a t i o n s  may cause dimensional 
changes and/or dev ia t i ons  from p e r f e c t l y  Hookean behaviour,  be- 
cause the  e l a s t i c  modulus E i s  no t  a constant,  b u t  a f u n c t i o n  o f  
temperature. 
Some terms o f  t he  above-metioned survey may be spec i f i ed :  
I f  a rod  i s  ins tan taneous ly  loaded w i t h  a t e n s i l e  stress-step. 
he ld  f o r  a wh i le  on a cons tan t  value, t he  specimen can respond i n  
seceral  ways ( f i g . l a ) .  
I f  the  specimen a l so  fo l l ows  the  loadstep ins tan taneous ly  up  t o  
a cons tan t  e longat ionva lue  and i t s  o r i g i n a l  l eng th  r e t u r n s  i m e -  
d i a t e l y  when the  load i s  beinrr removed the  behaviour i s  
e las tyc  (E). No techn ica l  m a t i r i a l  w i l l  show t h i s  a t t i t y  
I f e l a s t i c  behaviour o f  the  ma te r ia l  i s  time-dependent the  
term ane las t i c  (A) has been in t roduced f o r  t h i s  type  o f  behaviour. 
The r-on the sudden r i s e  o r  f a l l  o f  the  load may be r a p i d  
(Ar ) ,  slow (AS) o r  in te rmed ia te  (A,), bu t  anyhow no e longat ion  i s  
r i a b l e  environment, o r  
environmental pa th  t o  reach again the  f i x e d  environment. 
The au thors  o f  [ l ] d i s t i n g u i s h  between several  sources o f  d i -  
u r e l  
l e f t  a f t e r  suddenly tak ing  away the  load.  
load  and remains a t  t h a t  l e v e l  a f t e r  t he  l oad  has re tu rned t o  ze- 
r o  t h i s  ma te r ia l  behaves l a s t i c a l l  (P). 
I f  du r ing  the  (cons tan t )  -the e longat ion  i s  time-depen- 
dent and the  lengthening remains a t  the  same l e v e l  a f t e r  t he  load 
has been taken away the  ma te r ia l  creeps (C).  
I n  p r a c t i c e  combinations o f  e l a s t i c  behaviour and one o r  more o f  
t he  o the r  types may occur ( f ig . lb ) .Horeover  i n  techn ica l  app l i ca -  
t i o n s  i t  i s  u n c o m n  t o  study mechanical behaviour by rec tangu lar  
toadpulses.1n general a p a r t  i s  loaded a t  a nominal ly constant 
r a t e  u n t i l  a c e r t a i n  l e v e l  has been reached, a f t e r  which the  l oad  
i s d e c r e a s i n g  w i t h  the  same o r  h igher  ra te .  
Hys teres is  loops appear i n  s t r e s s - s t r a i n  curves i f  load i s  cyc led  
between tens ion  and compression a t  a cons tan t  r a t e  o r  harmonical- 
l y  and the  ma te r ia l  shows some ane1ast ic i ty.However more r e a l i s -  
t i c T  the  case when du r ing  the  f i r s t  p o s i t i v e  cyc le  o f  load  some 
p l a s t i c  deformat ion has been int.roduced together  w i t h  some s t r a i n  
hardening: t he  s t r e s s - s t r a i n  curve  i s  no t  longer  c losed, bu t  
becomes an open curve. 
It i s  a problem t o  d e f i n e  a c r i t e r i o n ,  which descr ibes the  sepa- 
r a t i o n  between pu re l y  e l a s t i c  behaviour o f  a mate r ia l  and the  
"non-Hookean" behaviour.b!i t h  ins t rumenta t ion  o f  s u f f i c i e n t  sensi-  
t i v i t y  i t  can be shown t h a t  t he  p ropor t i ona l  l i m i t  nears t o  zero 
f o r  a l l  ma te r ia l s .  
lengthening occurs ins tan taneous ly  upon a p p l i c a t i o n  o f  t he  
i 
Figure  1 Types o f  response t o  an ins tan taneous ly  app l i ed  
and renoved t e n s i l e  l oad  o r  s t ress .  
When a load-unload technique i s  app l i ed  the  s t ress  a t  which c l o -  
sed hys teres is loops  f i r s t l y  appear i s  c a l l e d  the  e l a s t i c  l i m i t  sE. 
I f  the  ampl i tude o f  t he  loadcyc le  i s  beinn increased the  area o f  
t he  s t ress -s t ra in  curve increases too.The ane las t i c  l i m i t  uA i s  
the  s t ress  above which the  hys teres is loop f a i l s  t o  c lose  a f t e r  
unloading ( f ig .Z) .Both  d e f i n i t i o n s  o f  l i m i t - s t r e s s e s  depend on 
the  s e n s i t i v i t y  o f  t he  equipment,which has t o  be spec i f i ed  too. 
I f  there  remains, a f t e r  unloading, a res idua l  deformat ion o r  
s t r a i n  E,. = 1.10-' t he  ane las t i c  l i m i t  sA equals the  so-ca l led  
A n e l a s t i c i t y  and the  accompanying hys te res i s  can be very  t rou -  
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blesome i n  p rec i s i r ;  and metrological par ts . In  p a r t i c u l a r  p rec i -  
s ion s p r i n y  are n. t o r i ous  problemmakers. 
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Figure 2. Typical set  o f  load-unload s t ress -s t ra in  curves to  
Hysteresis may be explained by means o f  d i s loca t i on  theo r ies . I f  
i n  t he  p a r t  a small t e n s i l e  p l a s t i c  s t r a i n  i s  imposed there w i l l  
remain, a f t e r  unloading, an i n te rna l  stress ac t i ng  t o  shorten o r  
compress the specimen.This i n te rna l  s t ress presumably r e s u l t s  
from dis locat ions.  p i l i n g  up against ba r r i e rs  creat ing a back 
stress.When the external  load has been removed the back stress 
w i l l  cause the d i s loca t i ons  t o  move i n  the reverse d i r e c t i o n  un- 
t i l  the balance i s  achieved between the remaining backstress and 
a f r i c t i o n s t r e s s  sF i n  the l a t t i c e ,  which as any f r i c t i o n  e f f e c t  
opposes the movement o f  d i s loca t i on  i n  any d i r e c t i o n .  
Subsequent load-unload t e n s i l e  cycles t o  stresses s l i g h t l y  
above the anelast ic  l i m i t  w i l l  s h o w e r e s i s l o o p s  tending t o  
close again, u n t i l  the c y c l i c  s t ress reaches the so-cal led l i m i t  
o f  accomodation a above which the s t ress -s t ra in  loops r e m a r  L 
open and the res idual  s t r a i n  E r  increases w i t h  each cyc le i n  suc- 
cession ( f ig .3a) .P lenar  [3]found such behaviour i n  cast  i r o n  spe- 
cimens.Figure 3b i s  showing t h a t  f o r  such a specimen the l i m i t  
o f  accomodation a' i s  reached a t  230 HN/m'. 
A compressive load-unload cycle. f o l l ow ing  p l a s t i c  s t r a i n  i n  ten- 
sion w i l l  no t  show a closed hysteresisloop because the sign o f  
the i n t e r n r s t r e s s  i s  opposite t h a t  required. 
def ine aE and aA. 
%I.... 
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Figure 3a. The evolut ion o f  hysteresisloops i n  the course o f  
repeated cyc l i ng  
the range and number o f  s t ress cycles f o r  a cast 
i r o n  specimen (Plenar; 131) 
3b. Va r ia t i on  o f  residual deformation as a funct ion o f  
Many other  sources can produce closed hysteresisloops i n  metals 
and c r y s t a l l i n e  ceramics, depending on the r a t e  o f  c y c l i c  load- 
ing.  A few o f  them are: - ( reve rs ib le )  motion o f  magnetic domain walls, 
- i n t e r s t i t i a l  movement o f  so lu te atoms t o  prefer red l a t t i c e  
s i tes.  
- g r a i n  boundary re laxa t i on .  
In ( p a r t i a l l y )  non-crysta l l ine mater ia ls .  such as glasses, glass- 
ceramics and p l a s t i c s  app l i ca t i on  o f  s t ress can cause atoms and 
molecules t o  take temporary new pos i t i ons  by viscous f low a t  a 
r a t e  t h a t  s t rongly  depends on temperature. 
So,in general, i t  i s  worthwhile t o  know the sources of a hys- 
te res i s  e f f e c t .  I f  d i s loca t i ons  are the source some y i d e l i n e s  t o  
minimize hysteresisproblems can be given: - avoid in t roducing p l a s t i c  deformation o f  any k ind i n t o  the ma- 
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t e r i a l  unless the detr imental e f f e c t s  o f  t h i s  p l a s t i c  s t r a i n  can 
be e l iminated o r  minimized p r i o r  t o  p lac ing i t  i n  serv ice (eg. 
annealing a t  a s u f f i c i e n t l y  hioh temperature f o r  a shor t  per iod 
o f  t ime). I n  c e r t a i n  a l l oys  i t  i s  possible t o  imnobi l ize o r  lock 
d is locat ions by a thermal treatment a t  a temperaturelevel below 
tha t  o f  annealing. 
- avoid rap id  cool ing towards roomtemperature a f t e r  a thermal- 
treatment t o  prevent the development o f  residual stresses.The d i s -  
locat ion-st ructure,  associated w i t h  the p l a s t i c  deformation cau- 
sed by res idual  stresses, may g ive r i s e  t o  hysteresis, 
- i f  high strength i s  required i n  the pa r t  i t  i s  more safe t o  use 
p r e c i p i t a t i o n  hardeni nC;, employing co ld  working o r  s t r a i n -  harde- 
n ing t o  achieve t h i s . I f  co ld  working i s  appl ied su i tab le  thermal 
treatments should fo l l ow  t o  imnobi l ize the d i s loca t i ons  by the 
working. 
4. DIMENSIONAL INSTABILITY FRON MICRO-PLASTIC STRAIN AND MICRO- 
- 
Recognation o f  the importance o f  micro-y ie ld  behaviour i n  pre- 
c i s i o n  design i s  growing rapidly.However much remains t o  be learn-  
ed about d e t a i l s  and mechanisms o f  micro-y ie ld ing and the impor- 
tance o f  variables. 
The macro-offset y i e l d  s t rength o f  0,2Y f o r  metals and a l l oys  can 
be raised appreciably by mater ia l  treatments developed t o  impede 
d i s loca t i on  movements over r e l a t i v e l y  l a rge  distances.For micro- 
y i e l d  behaviour however d i s loca t i on  movements over large d m -  
ces may not be required so t h a t  obstacles t h a t  prevent long-range 
dislocationmotions may have smaller e f f e c t  on short-range d is loca-  
t i o n  movements and micro-y ie ld  strength. 
An i n t r i g u i n g  question i s  whether there ex i s t s  a threshold s t ress-  
value o3 f o r  annealed mater ia ls  below which no p l a s t i c  s t r a i n  w i l l  
occur.Some invest igators  d i d  no t  f i n d  such a c r i t i c a l  value: they 
4~olo.d st.. 
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Figure 5. Square r o o t  o f  p l a s t i c  s t r a i n  versus s t ress  f o r  
Others found a pe r fec t  re la t i onsh ip  above a sharp thres 
hold s t ress on (eg.in i r o n  a t  several ? r a i n  sizes d i n  t m f i g . 5 ) .  
Some mate r ia l s , l i ke  annealed p o l y c r y s t a l l i n e  n i cke l ,  show an 
S-shape s t ress -s t ra in  curve, which can be extrapolated t o  a small 
value o f  s t r a i n  (eg. E ~ =  lo-'') as an approximation of UO. 
tkasur ing r e s u l t s  o f  micro-s t ra in  s t rongly  depend upon the way 
o f  measurement: load-increment. loadingrate. dwell t ime a t  maxi- 
mum load, timedelay between unloading and observation o f  res idu-  
a l  s t ra in ,  temnerature change o f  the specimen due t o  the loading 
various g ra in  sizes i n  i r o n  (Brown and Lukens;[5] ) 
n P P  E 
cyclus. 
Cer ta in  mater ia ls ,  on c e r t a i n  cond i t ions .  show even negat ive 
res idua l  s t r a i n :  t he  specimen appears t o  be sho r te r  a f t e r  removal 
o f  t he  t e n s i l e  l oad  (eg.hardened carbon s tee l ,  T i -6  A 1 4  V; 
g raph i te  f i be r - re in fo rced  epoxy and annealed, p res t ra ined  Invar;  
f i g u r e  6 ) .  
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Figure  6. Peak s t ress  versus res idua l  s t r a i n  observed i n  micro- 
p l a s t i c i t y  t e s t  on a 1.944 pre-s t ra ined specimen o f  
annealed Invar  (Ge i l  and Feinberg;[6]). 
Some repor ted  cases may r e s u l t  from d i f f i c u l t i e s  i n  s t r a i n -  
neasurement, i n  o the r  cases one has t o  conclude t h a t  negat ive  
s t r a i n  i s  real.Anyhow, negat ive  res idua l  s t r a i n s  a re  as damaoing 
i n  p rec i s ion  components as the  p o s i t i v e  ones, because they  may 
occur a t  lower l e v e l s  of the  app l i ed  s t ress .  
The exp lanat ion  o f  the  mechanism o f  m ic ro -p las t i c  s t r a i n  w i t h  
the  a i d  o f  d i s loca t i on theor ies  i s  r a t h e r  d i f f i c u l t .  An increase 
i n  s t ress ,  necessary t o  cause d i s l o c a t i o n s  t o  move. can reach 
from small values a r i s i n g  f rom a smal l  percentage o f  d isso lved in- 
p u r i t y  atoms, causing an increase o f  the  f r i c t i o n f o r c e  o f  the  l a t -  
t i c e .  towards a dramat ic e f f e c t  due t o  the  a l l o y i n g  elements, f o r -  
ming f i n e l y  dispersed p r e c i p i t a t e  p a r t i c l e s  t h a t  l ock  e x i s t i n g  
d i s l o c a t i o n s  o r  a c t  as b a r r i e r s  f o r  newly generated d i s loca t i ons .  
Ra is ing  the  s t ress  l e v e l  t o  produce a g iven l e v e l  o f  p l a s t i c  
, s t r a i n  may be ob ta ined by: 
- reduc t i on  o f  t he  g r a i n  s i ze  t o  increase the  number o f  g r a i n  
- a l l o y i n g  t o  achieve s o l i d  s o l u t i o n  strengthening. p r e c i p i t a -  
- re- inforcement wi th  h igh  modulus f i b e r s  or p a r t i c l e s .  
- c o l d  working o r  p re -s t ra in ing .  
de, occu r r i ng  under cond i t i ons  where creep i s  no t  normal ly  con- 
s idered  l i k e l y ,  eg. a t  room temperature and a t  s t ress  l e v e l s  
( f a r )  below convent ional  y i e l d  s t reng th  values.Since the  begin- 
n ing  o f  the  60's more and more i nves t i ga to rs  repor ted  about 
micro-creep o f  several  eng ineer ing  ma te r ia l s  ( f i g u r e  7).  
So, here too, one may ask whether there  i s  a lower l i m i t  o f  
s t ress  below which micro-creep does no t  e x i s t . I n  p r a c t i c e  t h i s  
i s  an accademic ques t ion  because t h e T s w e r  depends on the  sen- 
s i t i v i t y  o f  t he  ins t rumenta t ion  w i t h  which the  micro-creep can 
be detected and on the  l eng th  o f  t ime the  i nves t i pa to r  i s  w i l l -  
i n g  t o  w a i t  for detec tab le  creep t o  occur w i t h  the  garantee t h a t  
i n  the  meantime no o the r  c loud ing  e f f e c t s  have been occured i n  
concurrency. 
The lack  o f  data o f  micro-creep i s  un for tunate  because many pre- 
c i s i o n  devices are  d e s i y e d  f o r  opera t ing  a t  s t ress  l e v e l s  i n  
the  reg ion  o f  (J (lG-'). 
boundary b a r r i e r s ,  
t i o n  hardening, o rder ing .  spec ia l  g r a i n  boundary e f fec ts ,e tc . ,  
Micro-creep r e f e r s  t o  time-dependent s t r a i n s  of  small magnitu- 
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Figure 7 .  Creep s t r a i n  versus t ime a t  about 502 o f  i~ 
f o r  several  ma te r ia l s  (Imgram.et a1.LT-I 
and I fa r inger ,e t  a1 . [ 8 ]  ) 
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5. DIMENSIONAL INSTABILITY FROH ALTERATIONS OF INTERNAL STRESJ 
Two types o f  i n t e r n a l  s t resses  a re  d i s t i ngu ished :  shor t  and 
long range. 
Short  ran  e (SR) i n t e r n a l  s t resses  should d e l i v e r  a r e s u l t a n t  f--p orce  o zero over "distances" o f  t he  order  o f  g r a i n  s izes  and 
smal le r . t l i c ro (scop ic )  s t ress ,  t e x t u r a l ,  type 11-stress,  s t ress  o 
second k ind  a re  synonyms i n  l i t e r a t u r e .  
Long ranne (LR) i n t e r n a l  s t resses  achieve a forcebalance over 
d i m e n s i o k  o f  t he  body i t s e l f . T h e y  r e s u l t  p r i m a r i l y  from f a b r i -  
c a t i o n  processes, such as gr ind inn ,  forming, welding, hea t - t rea t  
ment,etc.Other .words are :  macro(scopic) ,  res idua l ,  type I - s t ress  
s t ress  o f  f i r s t  k ind .  
about the  e f f e c t  o f  machining processes on the  s t ress  cond i t i on  
i n  a component's sur face  l aye r , i n  the  nex t  SR-stresses w i l l  ?e t  
more at tent . ion than LR- in te rna l  s t resses .  
- p l a s t i c  deformat ion,  
- unequal thermal expansion o f  neighbour ing m ic ro -s t ruc tu ra l  e le ,  
I n  the  case o f  p l a s t i c  deformat ion SR-stress can a r i s e  among 
neishbour ing c r y s t a l s  o r  between one phase and another,  due t o  
unequal amun ts  o f  deformation.For ins tance i n  a single-phase 
ma te r ia l  c e r t a i n  g ra ins  may be o r ien ted  more favourab ly  f o r  p las  
t i c  deformat ion than the  o ther .  
Non-homogeneous thermal expansion can be introduced i n  a micro- 
Because much has been and w i l l  be publ ished w i t h i n  C . I . R . P .  
Short  range i n t e r n a l  s t resses  may be caused by: 
ments. 
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F icy re  8. Explanat ion t o  creep and s t ress - re laxa t i on  behaviour.  
s t r u c t u r e  by: 
- d i f f e r e n t  expansion o f  d ispersed p r e c i p i t a t e  p a r t i c l e s  o r  i n -  
c lus ions  i n  a matrix-phase, 
- o r  o f  a two-phase ma te r ia l ,  
- an i so t rop i c  thermal expansion o f  i nd i v idua l  c r y s t a l s  o f  a po ly -  
Changing the  temperature, e i t h e r  up o r  down, w i l l  cause s t resses  
t o  be developed among neighbour ing m ic ro -s t ruc tu ra l  elements, 
even tua l l y  superimpose an a d d i t i o n a l  se t  o f  s t resses  on i n t e r n a l  
s t resses  which a re  present a l ready  be fore .  
As t o  the  dimensional i n s t a b i l i t y  aspect a l t e r a t i o n  o f  i n t e r -  
na l  s t resses  i s  more impor tan t  than the  presence o f  i n t e r n a l  
stresses as such.Some mechanisms respons ib le  f o r  such a l te ra t i on :  
are: 
- s t ress  r e l i e f  o r  - re laxa t i on ,  
- metal removal, 
- d i r e c t i o n a l  p l a s t i c  p re -s t ra in ing .  
There i s  a c lose  r e l a t i o n s h i p  between s t ress  r e l i e f  and creep 
behaviour. In a c reep- tes t  t he  l oad  i s  constant,  whereas the  t o -  
t a l  s t r a i n  a t  any t ime w i l l  be the  sum o f  the  (cons tan t )  e l a s t i c  
s t r a i n  and the  va lue  o f  t he  creep s t r a i n  ( f i g u r e  8a) .  
I n  s t ress  r e l i e f ,  however, s t ress  o r  s t r a i n  i s  imposed and s t r a i r  
stays a t  a cons tan t  value so t h a t  t he  g radua l l y  increasincr creep 
s t r a i n  causes an ever d im in i sh ing  e l a s t i c  s t r a i n . I f  t he  modulus 
o f  e l a s t i c i t y  i s  no t  changing the  reduc t i bn  o f  t he  e l a s t i c  s t r a i r  
can on ly  be accomplished by a reduc t i on  ( r e l a x a t i o n )  o f  t h e  i m -  
posed s t ress  ( f i g u r e  8b). 
Indeed. the  s t ress  re laxa t ion-curve  can g r a p h i c a l l y  be der ived  
from creep-curves a t  several  l e v e l s  o f  u. On the  o the r  hand,if 
E t  = E t eC = constant o r  E = cons tan t  - ce d i f f e r e n t i a t i n g  
t h i s  equat ion gives:  
dc dce $ = - a r = - r a r  o r  = - E.;c . When LC = f ( o )  i s  mea- 
sured exper imenta l l y  3 = f ( t )  would be known. 
Both ways o f  so lu t ion ,graph ica l  and mathematical, have the  d i s -  
advantage t h a t  t he  poss ib le  e f f e c t  o f  creep-recovery i s  no t  t a -  
ken i n t o  account. 
I f  s t ress  r e l a x a t i o n  should be introduced and/or acce le ra ted  
on purpose several  methods,with more o r  l ess  success, a re  ava i -  
l ab le :  
- temperaturer ise shortens the  i n t e r v a l  o f  t ime i n  which s t ress  
r e l i e v e s  up t o  a c e r t a i n  percentage o f  t he  o r i g i n a l  value 
(eg.50%). Ex t rapo la t i ng  a v a i l a b l e  data a t  h igher  temperatures 
on to  the  l e v e l  o f  room temperature i n  order  t o  f i n d  the  re laxa-  
t i o n r a t e  o f  a c r i t i c a l  component i n  serv ice  i s  a r a t h e r  dange- 
c r y s t a l l i n e  (s ingle-phase) ma te r ia l .  
rous procedure! 
- ma te r ia l  composi t ion and mechanical / thermal process i n9  , 
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- thermal cycling may activate the transformation of retained 
austenite in hardened steels. alter long-ranoe thermal stress- 
patterns arising from temperature gradients or alter short-range 
thermal stresses arising between elements of different thermal 
expansion or activate the relaxation process merely at exposure 
to the maximum temperature of the cycle, - exposure to stress-cycling and mechanical vibrations, 
- effect of neutron irradiation, 
- exposure to an alternating magnetic field, 
- stress alteration by surface removal (etching) and mechanical 
working (eg . sho tpeen i ng ) . 
6. DIMENSIONAL INSTABILITY FROM MICRO-STRUCTURAL CHANGES 
Since about 1945 much attention has been paid t o  dimensional 
instability due to micro-structural changes, first of steel, la- 
ter of other ferrous and non-ferrous materials.1n reports of HIT_,. 
of those days unit length changes were reported up to about 5.10 
Modern materials however need accuracies of the order of lo-' or 
lo-', which need other measuring techniques 1 ike laserinterfero- 
metry. 
In fact to measure dimensional changes due to micro-structural 
will be very difficu1t.In most cases external and/or 
changes internalv s ress effects will be present too.Externa1 stresses may 
influence micro-structural changes and internal stresses may gra- 
dually change with time causing dimensional changes that are dif- 
ficult to be distinguished from those due to micro-structural 
changes . 
Temperature is one of the most interesting external factors go- 
verning the following types of micro-structural changes: 
6.1 changes of vacancy concentration, 
6.2 atom re-arrangement and ordering, 
6.3 precipitation and re-solution of a second phase, 
6.4 phase changes 
There are some other external fields, other than temperature, 
which are not of interest in the framework of this article. 
6.1 Changes of vacancy concentration 
Thermodynamic equilibrium requires the presence of some 
unoccupied latticesites (vacancies) in a crystal .The fractional 
concentration of vacancies cv = n/N with respect to the lattice 
sites N obeys cv = e-hf/kT. 
hf is the activation energy to form a vacancy and is depending of 
the crystal materia1,but something of the order of 1,6.10-:' J 
(- 1 eV). 
k is the Boltzmann-constant (1,38.10-73 J .K- ' ) .  so that at room- 
temperarture (T - 300 K )  cv c- e-36= 2.3.10-15. 
At 1200 K however cv 2 e-'= 1,3.10-": for every 1 million lattice. 
sites there are approximately 130 vacancies. If they can be trap- 
ped in the lattice by coolinn down very slowly, at roomtempera- 
ture the volume will be 0.0132 greater than it was originally. 
Linear dimensions will have increased by about 1/3 of this a m u n t  
or 0,0044,. 
So,unit of length has grown by 40.10-5 by this effect only and 
if the vacancies gradually diminish in number by thermally acti- 
vated diffusion the dimensiomwill gradually shrink towards 
their original values. 
6.2 Atom re-arrangement and ordering 
In solid solutions of one element dissolved in another 
the atom arrangements are considered t o  be random.Under certain 
conditions a tendency may exist for the f o m t i o n  of a somewhat 
m r e  orderly structure. An extreme case would have been reached 
when all the solute atoms occupy certain predictable lattice si- 
tes and have predictable nearest neighbours.Such an ordered 
structure has different specific volume compared with a totally 
random structure. so.that gradual ordering can produce dimensio- 
nal changes. 
Carbon atoms in solution in a lattice of Fe-36 Ni (Invar) are 
believed to re-arrange themselves into a more stable configura- 
tion in course of time and in a range from roomtemperature to 
about 200.C with a maximum rate of reaction at about 93.C (see 
figure 9). 
L , _  4mst.m. bW,. __ 
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Figure 9. Dimensional instability versus aging time of Invar 
(36.8 Ni, 0.44 Mn. 0.07 C). From 8 3 0 Y  quenched in 
water of 20'C.A ed as indicated,air cooled to 20'C. 
(Lement.et al.;fgl) 
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6.3 Precipitation and re-solution of a second phase 
Many metals are strengthened by introducing on purpose 
alloying elements that have limited solid solubility in the host 
1attice.Proper selection of composition and processing may deve- 
lope a structure of finely dispersed particles o f  a second phase 
i n  a matrix primarily consisting of the host metal.From the 
point of view of dimensional stability the question is of inte- 
rest: what constitutes a thermodynamically stable micro-structu- 
re at service temperature. A solution annealing treatment and 
rapid quenching,usually given to such alloys (prior to precipi- 
tation or aging treatment),does not produce such a stable struc- 
ture.The alloy is highly super-sxrated with the dissolved al- 
loying element.If thermal activation is enough to permit atom- 
diffusion a second phase will gradually precipitate from the m- 
trix and dimensions will change. 
In figure 10 the dimensional change due to precipitation of 0,2% 
carbon steel is shown.Initially the steel was heated to 710.C to 
dissolve a fraction (10%) of the total carbon present in the bo- 
dy-centered iron matrix.The remaining carbon was present as dis- 
persed particles of iron-carbide.If the steel is water-quenched 
to roomtemperature the dissolved carbon is trapped in the latti- 
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Figure 10. Dimensional change in 0.2% carbon steel. 
Upper part:quenched from 710% and aged at temperatu- 
re shown. Lower part: aged at 75'C after quenching 
from variniis t.ewratiires (Bohm and Schmann;[lO]) 
ce.If lateron aging is applied at several temperatures signifi- 
cant dimensional changes occur as a function of the time after 
quenching (figure 10a) due to the gradual precipitation of iron- 
carbide from the body-centered iron matrix.That carbon is respon- 
sible for the changes is being proven in figure 10b where the 
quenching temperature is varied, but the aging temperature is 
constant at 75.C.The more carbon is dissolved, the more dimensio- 
nal changes occur, except in the case where decarburizing has 
been applied (removing the carbon) followed by normalizing at 
710'C in water. 
If the specific volume of the precipitate is nearly the same as 
that of the matrix dimensional changes are rather small.In 6061- 
aluminium the lengthchange accompanying precipitation hardening 
at 160% is only a small fraction of that observed at 2014-alu- 
minium treated at 170'C. 
ROOm l . m p . . N f O  
Figure 11. Schematic depiction of length changes accompanying 
heattreatment of steel. 
The starting point (A) represents a stable structure 
of ferrite plus carbides (from [l]). 
6.4 Phase changes 
Any material that undergoes a transformation from one 
crystal structure into another (or from a non-crystalline to a 
crystalline structure) will change in volume and dimension.The 
magnitude of the effect depends on the efficiency of the atom- 
packing in both involved structures. 
A striking example of the potentially damaging effects of micro- 
structural changes on dimensional stability is given by low-car- 
bon steels (less than 1: of weight of carbon in an iron-structu- 
re).The stable structure at low temperatures (.: 720'C) is ferri- 
te (bodycentered-cubic iron n h  interstitial carbon) and iron- 
carbide. 
Hardening of steel begins with heating to a temperature between 
850'C and 870'C at which temperature the ferrite-phase quickly 
transforms to austenite (face-centered-cubic).The carbide parti- 
cles go from dispersed into solid solution.When slowly cooled 
the transformation is reversible.But for hardening and strengthe- 
ning it is just the intention to prevent a diffusion controlled 
process.The austenite transforms in a ferrite-like phase and is 
super-saturated with dissolved carbon.This phase is relatively 
hard and strong and referred to as martensite.The normal bcc- 
structure of ferrite is hindered by the carbon so that a body- 
centered tetragonal structure exists.The austenite to martensite 
transformation needs a range of temperatures from MStart to 
Mf i ni sh' 
The result of the above-mentioned sequence of events on the l i -  
near dimension of a steel specimen is given in figure 11. 
Starting in A with a stable bcc- ferrlte t carbide structure 
heating causes linear expansion along curve A8C. From C to D the 
dimension shortens because austenite is more dense than ferrite 
(about 4,5Z in specific volume. that is about 1.6% in linear di- 
mension). Thermal expansion of the austenite causes the section 
DE. Slow cooling follows the complete reverse EDC or EFB. so 
that at roomtemperature the stable structure of A has been reach- 
ed again. 
In practice rapid cooling follows the way EFGHJ, where from 
MStart to Mfinish the (partial) transformation of martensite ta- 
kes place. Because the structure of martensite takes more place 
than that of bcc-ferrite unit length at A has grown at J by 
about 5 m m . It may occur that Mfinish lies below roomtempera- 
ture and than the path EFGK is followed during rapid cooling.The 
final structure at K will be a mixture of martensite and retain- 
ed austenite. but now the dimension will be smaller than origi- 
nal at A. Cooling in that case below roomtemperature completes 
the transformation of the remainder of austenite into martensite 
(curve KN) and at roomtemperature again the situation J is rea- 
ched by curve NLJ. 
However, neither the structure belongin: to point J, nor that as- 
sociated with point K is stable.The martensite of J is super-sa- 
turated with carbon and will tend to gradually precipitate carbi- 
de particles changing the structure from bct (martensite) to bcc 
(ferrite).Meanwhile the linear dimension shrinks (J to A).This 
process may be helped by "tempering" from 100 till 650.C. 
form to martensite (eventually helped by exposure to low tempe- 
ratures) under "growing" in dimension.An as-hardened steel may 
exist in one of both unstable states. meanwhile gradually chan- 
ging towards a more stable state, either causing contraction or 
expansion! 
It i s  encouraging that by knowledge of material behaviour 
and by well conducted experiments dimensionally stable materials 
can be "developed" as in the case of steel gage blocks (see sec- 
tion 7.1.2). 
7. MATERIALS FOR METROLOGICAL AND STRUCTURAL APPLICATIONS 
The (still) retained austenite of point K will tend to trans- 
7.1 One dimension of interest 
7.1.1 Primary length standards 
The original materialized primary meter-standard of 
Pt-Ir (9O;lO) and the Imperial Standard Yard of bronze (Cu-Sn-Zn; 
82;13;5) should have very dimensionally stable properties. be- 
cause length changes in course of time are included in the defi- 
nition of the length standard. 
Here is thus an example of an object which is more or less 
ideally conserved,only loaded by gravity (constant in mapnitude 
and direction) and which in spite of these conditions was chan- 
ing in dimension, mainly due to micro-structural changes of its 
a 1 1  oy-ma teria 1. 
In the legal inter-comparison of the english Meterbar No.16, the 
Imperial Standard Yard and 4 other items of a yard the differen- 
ce in material behaviour of both standards became clear and es- 
pecially the Standard Yard was particularly troublesome Ill]. 
It can be shown that the Standard Yard relatively and very gra- 
dually decreased in length with 1 pinch per year in the period 
between 1895 and 1948 1121. 
7.1.2 Master gaugeblocks 
A little bit more technically "manageble" are the 
gauge blocks of grade 00. According to IS0 International Stan- 
dard 3650 (1978) one of the toleranced requirements today is the 
dimensional stability of the hardened material .The maximum per- 
missible change in length per year should be within t (0.02 t 
0,000.5 L) pm, when L is the value of the nominal leiigth in mn. 
But if one takes a master slip gauge with L = 10 mn a permissi- 
ble instability of 0.025 pm per year is rather much compared with 
its permissible deviation from the nominal size at any point of 
only 0,06 pm. The more while experience of several metrological 
Calibration Services shows that one particular slip gauge will 
either increase or decrease in length during its very long life- 
time or keep stable in length. 
The precision tool industry in the USA already asked in the 50's 
for a higher degree of accuracy of gauge blocks and their cali- 
bration method.The National Bureau of Standards in the USA has 
set itself a long-range research p r o g r a m  to meet both require- 
ments. 
The development of an ultra-precise metrology technique and ex- 
tremely careful control of the environmental and testconditions 
is a story apart.The positive result of the development of mate- 
rial with a dimensional stability within 0.2.10-6 per year suits 
in the framework of this paper. 
Four categories of materials and processes were included in the 
study in which several gauge block manufacturers took part: - through hardened steels. 
- annealed cores and hardened surfaces, - steels with partially hardened cores and hardened surfaces, 
- cermets and ceramics. 
Two materials had a degree of stability within 0,1.10-5 per year, 
nine other combinations of materials and treatments showed sta- 
bility within 0.1 and 0,2.10-' per year and 9 of the ll  types 
had a surface hardness of Rc = 65 or greaterrl)]. 
Only one picture of fully hardened, stabilized, modified 52100- 
steel gauge blocks will do (fig.13). 
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Figure 12. Dimensional stability of hardened, stabilized, modi- 
fied 51200-steel gage blocks, tempered to different 
levels of hardness Rc (Meyerson,et a1.;[14]). 
The material is tempered to three different levels of hardness 
(Rc = 65, 62 and 60) and the change of size is being observed 
during 8 years after the final heattreatment. In each section of 
hardness the upper two curves are plots of specimens which were 
directly quenched from the austenitizing temperature. Both lower 
two curves per section belong to specimens which were tempered 
at 150'C and then quenched to roomtemperature. 
The indications near the curves give the code of the specimens 
and the computed stability in pm per meter per year during the 
observationperiod. Both the stability of the material and the 
precision of the measurements are impressive! 
7.1.3 Applications in ultra-low thermal expansion 
materia 1 s 
In order to reach ultra-stability in at least one 
dimension in spite of (small) temperature fluctuations in the 
environment of the application, many times materials with low 
thermal expansion ( a = lo-* K - ' )  are chosen. Question is how 
these materials behave as to dimensional stability at constant 
temperature? In [I51 this behaviour of Invar, Super-Invar. fused 
silica (Homosil and Corning 7940) , some glass-ceramics (Zerodur 
and Cer-Vit) and titanium silicate (Corning ULE 7971) has been 
investigated over a period of "only" 170 days. 
A special measurino technique makes use of an Iodine stabilized 
He-Ne lasersystem of which the frequency f is changed by an 
amount A f  when the optical path length (OPL) 
resonator is changing b y A L  due to a dimensional instability of 
that resonatormaterial. 
Under very special conditions of the experiment the coefficient 
of dimensional stability: oL =1& - - L ( A ~ ) ~  
could be determined as an average effect per day. 
In figure 13 the relative change of the optical path length OPL 
(including specimens of 80 and 100 mn long and surface effects 
like constant drift and phase shifts of the resonator cavities) 
has been plotted as a function of time for the 7 materials. 
Both fused silica specimens (Homosil and Corning 7940) do not 
differ too much in thenal expansion (a = 45.10-8 K e n )  at room- 
temperature, neither in stability coefficient: Htmosil (-0,56 
- t 0.03).10-9 and Corning 7940 (-0,51 
Zerodur and Cer-Vit are structurally similar materials: glass- 
ceramics, annealed in such a way that they have a thermal expan- 
sioncoefficient of practically zero at roomtemperature.However 
their dimensional stabilitv is quite different: Zerodur 
(0 
"Normal" invar like Unispan LR 35 consists of 63.5% Fe and 36.5% 
Ni, wliereas Super-Invar has a composition of 63.5% Fe, 31.0% N i  
of a Fabry-Perot 
L A t T -  f At 
0,03).10- . 
0,03).10-' and Cer-Vit (0.50 2 0,03).10-9. 
557 
and 5,5% Co i n  order t o  have a zero-crossing o f  the thermal expan- 
sion c o e f f i c i e n t  near roomtemperature. Moreover Super. Invar has a 
d a i l y  r e l a t i v e  length change of (0  2 0.03).10-9 compared t o  Invar  
LR 35 o f  (5.64 + 0,03).10- . 
One has t o  be carefu l  a t  temperatures around O'C because o f  the 
p o s s i b i l i t y  o f  p a r t i a l  transformation o f  austenite i n t o  martensi- 
t e  accocmllp.;!;i,wj3 appreciable increase o f  volume! 
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Figure 13. Change o f  normalized op t i ca l  path length OPL versus 
(J.U.Berthold,et a1.;[15]). 
I n  the meantime Heraeus-Amersil has developed other types o f  fu-  
sed s i l i c a ,  l i k e  Optosi l  3 and TO(comnercia1 type)BE w i t h  excel- 
l e n t  un i fo rm i t y  o f  expansion a t  temperatures j u s t  below 300 K[16]. 
The micro-mechanical propert ies o f  Invar and i t s  long-term 
(secular ) dimensional s t a b i l i t y  are a t  l eas t  as important i n  
c r i t i c a l  design."Normal" invar  i s  being annealed a t  about 830'C 
and then water-quenched t o  achieve i t s  low thermal expansion co- 
e f f i c i en t .  It i s  normal pract ice tha t  such k ind o f  i nva r  exh ib i t s  
detectable p l a s t i c  s t r a i n  u ( lo- ' )  a t  r e l a t i v e  low stresses 
However t h i s  micro-y ie ld  behaviour can be much improved i f  a f t e r  
annealing and f i r s t  water-quenching two r t -heat ing periods w i th  
increasing timespan are applied, eacmo l lowed  by i t s  own water- 
quenching procedure.Values o f  o (0,5.10-') may be reached a t  
Y 
stresses as low as 182 t4N/m2). 
Cold working i s  known t o  improve the --yield behaviour o f  
most metals, but  i t  improves a lso the micro-y ie ld  strength o f  I n -  
var. Unispan LR 35-rods f i r s t  annealed and water-quenched and than 
cold-drawn i n  4 passes t o  a cross-section reduction o f  about 356 
showed an increase o f  40 - 60 MN/m2 till 310 - 340 HN/m' as 
stress t ~ y  belonging t o  a p l a s t i c  s t r a i n  E = 
The e f f e c t s  o f  cold-working and thermal treatments. s ing le o r  i n  
combination i n  order t o  decrease observations o f  micro-creep and 
s t ress-re laxat ion a t  normal Invar have t o  be invest igated i n  more 
d e t a i l .  
The same remark holds f o r  the above-mentioned glass, glass-cera- 
mics,where some invest igators  reported o f  (smal l )  micro-creep be- 
haviour,dimensional i n s t a b i l i t y  due t o  s t ress-re laxat ion and an- 
e l  as t i c  i ty  . 
time f o r  seven mater ia ls  
(40 - 60 MN/m2 1. Y 
7.2 Two-dimensional ( f l a tness )  references 
7.2.1 Guideways.surface plates, etc.of cast i r o n  
Due t o  the metrological appl icat ion here probably 
occurs a superposit ion o f  mater ia l  and (var iab le)  external stress 
effects.Even as t o  mater ia ls  e f f e c t s  only. d i s t o r t i o n  o f  the f l a t -  
ness reference may be caused by superposit ion of :  - a l t e r a t i o n  o f  i n te rna l  stresses, due t o  mater ia l  composition, 
shape and processing, 
- micro-s t ructura l  changes, due t o  volume changes tha t  occur wi th-  
i n  the mater ia l  on i t s  way t o  achieve an equi l ibr ium st ructure.  
Too much has already been published on the mater ia l  composi- 
t i o n  i n  order t o  obta in  a be t te r  functional behaviour o f  the cast 
surface, less i n te rna l  stresses and/or be t te r  dimensional behavi- 
our by adding special elements t o  the cast mater ia l  1a.o. 171. 
It i s  the designer's respons ib i l i t y  t o  qive the product t ha t  sha- 
pe so t h a t  less (macro) i n te rna l  stresses may occur during the 
cool ing period o f  the cast. 
It i s  a wel l  known fact, t ha t  a f t e r  the f i n a l  process (and i n  
the case o f  straightness and f la tness references o f  cast i r o n  
t h i s  w i l l  be a f i n i sh ing  operation l i k e  scraping) new surface lay-  
e r  stresses may have been introduced. I n  the case i j f f i n i s h i n g  
only  one side of the reference a p a r t  o f  the o r i g i n a l  compressi- 
ve stress i n  the surface as casted may be decreased o r  increased 
due t o  the f i n i sh ing  process, causing an increase o r  decrease o f  
stress i n  the opposite surface: thus causinp formdeviation i n  the 
pa r t  [la]. 
For prec is ion par ts  i t  i s  therefore a must t o  decrease the surfa- 
ce stress a t  the m n t  o f  s o l i d i f i c a t i o n  o r  afterwards. Several 
methods are avai lab le:  
- so ca l l ed  "weathering" has been overruled to-day because only 
6 - 8% of the o r i g i n a l  stresses re l i eve  a f t e r  a ra ther  long pe- 
r i o d  of a r t i f i c i a l  thermic cyc l ina.  
- v ib ra t i on  o f  the cast a t  s o l i d i f i c a t i o n  i s  ra the r  e f fec t i ve ,  
because about 509 o f  the i n te rna l  stresses ( t o  be expected!) 
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may be prevented.Vibration o f  the s o l i d  cast has less e f f e c t  
( r e l i e f  about 30% o f  the o r i g i n a l  i n te rna l  stresses). I n  the 
case o f  lamel lar  graphite cast i r o n  some invest igators  even 
found under t h e i r  v ib ra t i on  condit ions an increase o f  the 
stress value [18] ! 
s t ress - re l i e f  annealing,when applied on a "commercial" rate, 
w i l l  r e l i eve  upto 35:C o f  the o r i g i n a l  stresses, but when ap- 
p l i e d  during a very long cyc le the reduction may amount t i l l  
95%! That i s  the way Maison S.I.P.. Georg Fischer and Rol l  i n  
Switzerland re l i eve  t h e i r  castings f o r  metrological a p p l i c a t i -  
ons and prec is ion machinetwls.After annealing a t  about 550°C 
during 12 hours a coolinn-down period fo l lows w i th  a temperature 
r a t e  o f  about 5 - l O y / h r  [ lE ] .  
. . .  
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Figure 14. Change o f  u n i t  length o f  GGL-15 and GGL-25 a f t e r  
isothermic annealing a t  150 and 350.C (from [19]). 
I n  the same source [18] extensive invest igat ions have been des- 
cr ibed t o  show the magnitude and character o f  dimensional insta-  
b i l i t y  o f  lamel lar  gray cast iron.Measurements, among others, i n  
a 4-point deflexionframe w i th  constant and per iod ic  pulse load- 
ings w i th  various frequencies made c lea r  tha t  t h i s  mater ia l  shows 
considerable creep (even de tec t i b le  a t  stresses as small as 
15 MN/m2). which e f fec ts  vanishes more o r  less a f t e r  800 t i l l  
1000 hours. 
Cast i r o n  w i th  lamel lar  graphite and spheroidal graphite i n  less 
measure have the disadvantage o f  increase o f  volume and dimensi- 
on a f t e r  they have been exposed t o  even moderate temperatures o f  
about 150'C (dry ing o f  dyes a f t e r  assembling o f  parts!).This e f -  
f e c t  i s  p a r t l y  on account o f  i n te rna l  oxydation and p a r t l y  on 
segregation o f  f e r r i t e .  I n  f i g u r e  14 the magnitude o f  these e f -  
f ec ts  on u n i t  length are demonstrated a t  lamel lar  gray cast i r o n  
GGL-I5 and GGL-25. The con t r i bu t i on  o f  the fer r i te-segregat ion 
may be explained by the f a c t  t ha t  i n  comparable s i t ua t i ons  the 
curve o f  GGL-15 i s  above tha t  o f  GGL-25. The higher the cool ing- 
ra te  a f t e r  heating, the more saturat ion o f  f e r r i t e  w i l l  occur 
and the greater the increase o f  dimension i n  course o f  time.That 
i s  the reason why always the curve o f  re l i eved  GGL-15 i s  a t  a 
lower leve l  than tha t  o f  normal GGL-15: i n  the foregoing s t ress-  
re laxa t i on  heat treatment and by i t s  slow cooling-down precedure 
the saturat ion o f  f e r r i t e  has decreased already. 
This mater ia l  i s  being applied more and more 
7.2.2 Guideways,surface plates,etc.of grani te  
i n  metrological appl icat ions and i n  prec is ion machinetools. be- 
cause i t  i s  said t o  be na tu ra l l y  aged t o  be "as dead as a d w r -  
nail".#oreover i t  can be f i n i shed  by a machine-polishing opera- 
t i o n  i n  stead o f  hand-scraping i n  the case o f  cast iron. 
The word "grani te"  i s  used f o r  several rock mater ia ls  w i t h  d i f -  
ferent  physical propert ies. depending on the quarry where i t  
comes from. I n  the case o f  rea l  graniterock i t  w i l l  contain a 
great percentage o f  SiO2 (>70%) and many hard but f a i r l y  coarse 
quartz c rys ta l s  040%). However. Gabbro-rocks o f  which Diabase 
(Dolor i te) .  Swedish black rock and a f r i can  Impala are represen- 
tatives,has less SiO2 (350:) and quartz c rys ta l s  (=4%), but f a r  
more Mg- and Fe-oxydes. 
Due t o  the low percentage o f  small quartz c rys ta l s  t h i s  mater ia l  
can easier be f i n i shed  t o  a good f la tness qua l i t y ,  guaranteeing 
a surface w i th  good hardness and wear resistance and good bea- 
r i n g  capacity. 
As t o  the fo rms tab i l i t y  o f  "grani te"  as surface p la te  i n  [20]a 
t r i a l  has been made t o  compare representatives o f  both catego- 
r i e s  o f  rocks.The general conclusions o f  the i nves t i ga t i on  are: 
the va r ia t i on  i n  shape and accuracy o f  a 1,6 x 1 m2 grani te  
surface plate, kept i n  a metrology room imnediately a f t e r  i t s  
lapping and sparingly used over a per iod o f  4 years has been 
negl ig ib le ;  
the change i n  contour of a 630 x 630 mn2 surface p la te ,  due 
t o  change i n  atmospheric humidity from 20 - 60% i s  very i n -  
s ign i f i can t ;  
when the upper surface was soaked w i th  water the va r ia t i on  o f  
the surface contour o f  a 400 x 400 x 100 mn3 gran i te  surface 
p la te  was very small a f t e r  3 hours, but s ign i f i can t  a f t e r  12 
hours (concave;3.48 pm t i l l  concave;2,34 pm), 
When a l l  sides were soaked i n  water the contour became a f t e r  
3 hours: concave;l,91 pm. 
These e f fec ts  o f  water soaking vanished a f t e r  re tu rn  o f  the 
normal condit ions; 
a temperature r i s e  ( o f  the whole plate?) o f  a Oiabase p la te  
of 630 x 630 x 120 mm' from 26.C to 41.C changed flatness de- 
viations from 5.5 pm into B,6 pm and the general shape from 
concave into convex. which magnitude cannot be explained by 
the general thermal expansion of Diabaserock of 2 - 4.10-' K-' 
only.The same effect was observed on different rocks with fine 
and coarse grains. 
In [21] however a long-term investicjation on a surface plate (630 
x 400 x 80 mn3),of Gabbro (Swedish black) only,gave some other 
results: 
In spite of the constant temperature and non-loading condition 
1. the variation in shape of that plate from the very beginning 
over a period of 3 months was significant. Real sphericity, 
expressed in a dimensionless bowrise parameter b,. changed 
gradually from c7 to 0 pm/m(convex to flat), whereas there 
was hardly a change due to real torsion. which is characteri- 
zed by a dimensionless vector with magnitude and direction s: 
2. increase of humidity from 20-82% had negligible influence on 
both geometrical componeri ts ; 
3. soaking the upper surface during 24 hours gave a considerable 
change in real sphericity, because bs turned from 0 to 16 p / m .  
Fortunately the sign of the effect, which both experimentators 
found independently, was the same! 
The real torsion part of the new geometrical shape did not 
change significantly. 
Indeed, the original shape returns slowly after some days, but 
apparently "something" has changed the time-behaviour of both 
components since then; 
4. temperature difference between upper and lower surface of only 
a part of a degree C ( and this can be caused by the illumina- 
tion cyclus of working-hours and night-hours) causes a real 
sphericity change bs = 2 Pm/m. whereas real torsion does not 
change; 
5. these effects are the m r e  reliable, because the fourth geo- 
metrical parameter R. representing the random-rest of the sur- 
face shape, remained surprisingly constant at the level of 
0,55 pm over a period of several months, as well as the stan- 
dard deviation of the flatness measurement a = 0.12pm. 
Although both kinds of general conclusions are not enough to cha- 
racterize time-behaviour of all kinds of "granite" and both kinds 
of experiments do not fit into the earlier-mentioned definition 
of dimensional stability, it may be clear that "granite" is a 
greatful metrological aid for normal practice, but not so super- 
stable as it is believed to be! 
7.3 3-Dimensional metrological and structural applications 
7.3.1 Metrological applications With the aid of cast- 
iron and granite 
Modern measuring machines and precision machine- 
tools have been designed with a dozen of different ways of rela- 
tive movement of the object and stylus or tool in order to reach 
any point in the workingvolume. Here an extra stability of orien- 
tation i s  required: the mutual erpendicularit of the 3 axes 
(eg. X-Y-movement of the object'and Z-movement%f the stylus). 
Most mechanisms of instability which have already been mentioned 
in paragraph 7.2.1 for cast iron and in 7.2.2 for "granite" cer- 
tainly will apply in this case of application. 
7.3.2 Structural applications with the aid of polymer- 
concrete ,etc. 
The application of re-inforced and pre-stressed 
concrete, eventual hydraulically bonded. as a substitute for cast 
iron in machine tools and welded special fixtures is not new.Ap- 
plications in modern CNC-lathes are visible at machinetool exhi- 
bitions k2J. 
resins or "polymers" are becoming very popular[23]. The chemical 
reaction of small molecules of the starting material and the l i -  
quid hardener and accelerator can make new.long chained molecules - by polymerisation. like (unsaturized) polyesther-resin and 
- by polyaddition, like epoxy resin. 
a "glue" which bonds the fillermaterial.1 ike quartzsand.0nly a 
part of the water is necessary for the chemical reaction to make 
the "glue". the rest evaporates in course of time (till 3 weeks!) 
leaving pores in the material and/or causing shrinkage. 
In the polymers the long resin molecules tie-up the filler- 
material like foundary flourcorns. quartzsand or gravel (even up 
to 90% of weight), without producing any gases nor leaving holes 
in the material. so that an isotropic, homogeneous and compact 
new material exists. 
It is said that the new procedure of making structures, eg. with 
Granitan [24], has advantages with respect to the use of cast iron 
or granite: 
- easy and free modeling, comparable with constructing in cast 
iron and concrete. 
- very great attenuation properties, to be influenced by the ma- 
terial composition (up to 6x greater attenuation has been 
reached with a structure of epoxy resin compared to the same 
structure of cast iron; 3 times gain with respect to diabase) 
- as-casted structures of polymer concrete are cheaper compared 
to those of cast iron and re-inforced, hydraulically bonded 
But since 1975 applications of highly compounded reaction 
poly(methy1 )metacrylate. 
In preparing concrete the cement and water form chemically 
concrete, 
- solidification within 24 hours without appreciable shrinkage, 
- combination with hardened steel or cast iron parts, like guide- 
ways is possible taking into account some simple rules of de- 
sign. 
In sane references [22;23] the application as surface plate of 
1OOOx1OOOx2OO mn' Of Plexilit (acryl resin) by Joh.Fischer and 
of metha-crylate with gravel (University of Darmstadt) has been 
mentioned without data of stability. 
This kind of material is rather new, so that poor data are avai- 
lable on dimensional stability. In [23]some graphs are presented 
relating to the deflection of bars (lm length) of metha-crylate 
concrete.If such bars with cross section of 40 x 40 nd and 7%. 
resp.6% of weight of resin are exposed to a constant bending 
stress of cb = 20 N / m 2  the extra deflection is at the level of 
300 p. resp. 125 pm, but even after one year there is still 
a constant creeprate of about 0.12 pm/day, resp. 0.06 pmlday. 
If such bars with cross section of 40 x 40 d and 7% of weight 
of resin are exposed to constant bending stresses of ob = 10 N/mt 
resp. 0,5 N/mn2, the extra deflection is at the level of 250 pms 
resp. 125 pin after 15@ days with hardly any creep till 400 days. 
Other authors are enthousiastic about time behaviour of epoxy- 
concrete after several years of investigation in general terms 
(negligible deformation). 
7.3.3 Structural applications in materials with favourate 
s ti ffness- to-weigh t ratio 
This item is a little bit outside the scope which 
was originally intended for this paper. Nevertheless. if structu- 
res. like mirror substrates, parabolic antennas, gyroscopes, etc. 
may be considered as components for metrology purposes one can 
discover very interesting developments of ultra-stable materials, 
pushed by aircraft and space-shuttle applications. 
In the U.S.A. special attention is being paid to the dimensional 
stability of gyroscope structural materials. From several candi- 
dates, like Al-alloys and special stainless steels, most interest 
is now concentrated on isostatically pressed Beryllium of instru- 
mental grade [XI. 
Increasina demands on accuracy of these measuring devices make 
micro-plastic strains in the order of lo-' and lo-' become signi- 
ficant sources of instrument errors. Strains of this order of 
magnitude occur at relatively low stresses in moderate strength 
engineering materials, even under the action of essential assem- 
bling operations, like bolt tension, shrink fits, rotational 
stresses. Since it is not possible to reduce these assembling 
stresses below a reasonable limit it becomes necessary to predict 
the micro-plastic strain and to compensate for this action. 
Frequently the designer uses the micro-yield strength (MYS) of a 
material in assessing its short-term and lon term performance 
inside the device.The significance o f d h e  first per- 
formance has been explained in the mean time, however its rela- 
tion to creep at the 10-6 level is not so clear. 
Observations in 1261 indicate that micro-creep occurs at stress 
levels which are only a small fraction of the MYS. Reliable mi- 
cro-creep data of interesting materials consume very long time 
intervals and very accurate instrumentation: that is the reason 
the designzchooses for a higher IlYS-material, expecting it to 
be more resistant to long-term effects like micro-creep. 
The value of [25;26] is to give better insight into the sinnifi- 
cance of micro-yield data of Beryllium and to permit the develop- 
ment of a closer correlation between the process of micro-yield 
and mi cro-creep. 
It will be clear that modern composites also fulfil the re- 
quirement of having a favourate stiffness-to-weight rati0.A lot 
of composite material parameters can be linked up with stability 
properties, like: 
type of fiber - thermal expansion 
fiber texture - moisture effects 
resin oroperties - temporal stability 
(ductility) 
thermo-mechanical - stress cycling 
history 
size , shape, 
end effects - radiation effects 
In [27] a good survey o f  the possibilities and limitations of 
graphite-fiber reinforced plastics and graphite-epoxies only has 
been given.Because most applications are in space and vacuum,one 
of the biggest problems seems to be the loss of moisture in cour- 
se of time. For instance: in a thermosetting graphite-epoxycompo 
site imdiately after removal from the curing oven 0.2% to 0.3% 
of weight of water is present.Prolonged storage at 50 - 70% rela- 
tive humidity and 20'C results in a poisture content of 0.7-0.9% 
of weight.The loss of this moisture in space is accompanied by a 
dimensional change. The moisture expansion coefficient is aniso- 
tropic, depending on fiber diameter (= 50 pm), volumefraction 
and orientation) and can be made positive, zero or negative in 
any direction.Moisturechange will also change creep behaviour. 
Efforts are underway to develop moisture-resistant coatings by 
electro-deposition, metal foils, dip and vapor-plated metals, or- 
qanic layers,etc.But there exists a danSer that the enclosed 
moisture redistributes itself via diffusion. Pinholes,micro- 
cracks,variable adhesion of the coating,etc. can adversily influ- 
ence the long-term behaviour of the combination. 
_ _ _ - - _ _ _ _ _ _ _  . . . . . . . . . . .  
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